Equal-channel angular pressing (ECAP) was successfully applied to samples of an Al-1% Mg-0.2% Sc alloy in the form of plates. Pressings were conducted at room temperature using route B CZ in which the plates are rotated in the same direction by 90 around the vertical axis between each pass. Following ECAP, the grain size was measured as $0:5 mm. Tensile specimens were cut from the plates and pulled to failure at a temperature of 673 K. Superplastic elongations were achieved and the measured ductilities were essentially independent of the orientation within the plate. These results provide the first demonstration of the potential for directly producing a plate in a superplastic condition through the application of ECAP. Thus, this new procedure removes the necessity of rolling conventional as-pressed bars or rods into sheets or plates for subsequent superplastic forming operations.
Introduction
Equal-channel angular pressing (ECAP) is a processing technique that provides a potential for achieving significant grain refinement in bulk materials. 1, 2) Typically, the grain sizes of metallic alloys are within the submicrometer range after ECAP. This refinement led to the early suggestion that it may be possible to use ECAP processing to achieve superplastic ductilities in a wide range of metallic alloys and it was noted also that, based on the theoretical relationship for superplastic flow, these superplastic ductilities should be achieved at high strain rates and relatively low testing temperatures.
3) Subsequent experiments on two aluminumbased alloys confirmed the occurrence of high strain rate superplasticity after ECAP processing 4) and it was further demonstrated that superplastic ductilities require the presence of a reasonably homogeneous array of equiaxed grains separated by boundaries having high angles of misorientation. 5) Processing by ECAP requires the pressing of a billet through a die and repetitive pressings are generally undertaken in order to achieve high imposed strains. 6, 7) In practice, processing by ECAP is usually conducted using billets in the form of bars or rods having square or circular cross-sections and it follows that different shearing systems may be activated by rotating the billets about their longitudinal axes between each separate passage through the die. 6) Detailed experiments have shown that processing by route B C , in which the billet is rotated by 90 in the same sense between each pass, 8) leads most expeditiously both to a homogeneous array of grains separated by high angle boundaries 9) and to the highest superplastic ductilities when tensile specimens are pulled in tension. 10) The occurrence of high strain rate superplasticity in materials processed by ECAP is attractive for industrial applications. Currently, industrial superplastic forming operations are confined to a limited range of operating conditions, the so-called ''techno-economic niche'', 11) because the forming process occurs too slowly for competitive use in the fabrication of high-volume low-cost components. 12) Nevertheless, the advent of high strain rate superplasticity through ECAP processing provides the potential for significantly expanding the range of industrial applications.
Industrial superplastic forming usually encompasses the fabrication of complex parts from sheet metals. However, conventional processing by ECAP leads to bars or rods having ultrafine grain sizes. Experiments have shown that the superplastic properties introduced by ECAP may be effectively retained by cold-rolling of the as-pressed material into sheet form after ECAP 13) but an alternative and more attractive procedure is to consider the direct application of ECAP to plate samples. Very recent experiments have demonstrated that, at least for high-purity aluminum, plate samples may be effectively pressed in a horizontal configuration to produce samples having reasonably homogeneous properties in terms of both the microhardness and the tensile behavior at room temperature. 14) However, it is recognized that it is not feasible to process plate samples using route B C because the plates cannot be rotated through 90 about the flow direction between each pass when using a single die with the channel cut horizontally. The earlier experiments on aluminum plates were conducted instead by rotating the plates by 90 around the Z or vertical axis between passes in the procedure designated route B CZ , where the first subscript denotes the conventional procedure of rotating by 90 in the same direction between each pass and the second subscript denotes the rotational axis.
14) Accordingly, the present investigation was initiated with two objectives. First, to examine the feasibility of attaining significant grain refinement in plate samples of an Al-Mg-Sc alloy when using ECAP processing with route B CZ . Second, to examine whether tensile specimens cut directly from the as-pressed plates are capable of exhibiting superplastic ductilities at elevated temperatures. 
Experimental Material and Procedures
The experiments were conducted using an Al-1% Mg-0.2% Sc alloy where the composition is expressed in weight %. An earlier report described the procedure for fabricating this alloy from 99.99% purity Al, 99.9% purity Mg and 99.999% purity Sc. 15) Briefly, the alloy was prepared as a cast ingot, homogenized in air at 753 K for 24 hours and then rolled to a thickness of 6 mm, ground to a final thickness of 5 mm using a milling machine, and then cut into square plates having dimensions of 30 Â 30 Â 5 mm 3 . The plates were solution treated in air for 1 hour at 883 K to give an initial average grain size of $0:5 mm. The ECAP die was made from a solid block of SKD11 tool steel using the procedure outlined earlier in which two slits, perpendicularly oriented, were carefully machined into the block using a wire cutting facility in an electro-spark discharge machine and parts of these slits were blocked with small plates to give an L-shaped channel having a channel angle of È ¼ 90 and an angle of É ¼ 0 at the outer arc of curvature where the two parts of the channel intersect. As in conventional ECAP, the angles of È ¼ 90
and É ¼ 0 lead to an imposed strain of $1 on each passage of the plate through the die.
16) The ECAP processing was conducted at room temperature for a total of 4 passes, equivalent to a total strain of $4. Samples were pressed using a MoS 2 lubricant and they were rotated by 90 around the Z or vertical axis between each pass in processing route B CZ . 14) It should be noted that the cross-sections of the two slits were made to 30 Â 5 mm 2 and, therefore, the samples were always trimmed so that they were subsequently pressed for the next pass.
Following pressing, the microstructures were examined on the X, Y, and Z planes where, as in the conventional notation, 14) these planes correspond to the transverse, flow and longitudinal planes, respectively. These observations were made using an Hitachi H-8100 transmission electron microscope operating at 200 kV and the corresponding selected area electron diffraction (SAED) patterns were recorded from regions having diameters of 12.3 mm. Tensile specimens were machined from the as-pressed plates with gauge lengths of 5 mm and cross-sectional areas of 2 Â 3 mm 2 . These specimens were oriented with their longitudinal axes lying parallel to either the X or Y directions and they were pulled to failure at a temperature of 673 K using a testing machine operating at a constant rate of cross-head displacement with an initial strain rate of 1:0 Â 10 À3 s À1 . Figure 1 shows representative micrographs and SAED patterns recorded on (a) the X plane, (b) the Y plane and (c) the Z plane after processing by ECAP. Inspection shows there are some elongated grains after pressing through 4 passes but generally the features are typical of samples processed by ECAP including the presence of ill-defined boundaries and many intragranular dislocations. 17) It is apparent from the SAED patterns that the diffracted beams form rings but with strong intensities from the [110] direction in the X and Y planes suggesting the presence of a texture whereas the rings consist of almost equal intensities in the Z plane suggesting that a reasonable fraction of the grain boundaries have high angles of misorientation. Careful measurements gave an average grain size of $0:5 mm on each plane.
Experimental Results
Typical stress-strain curves are shown in Fig. 2 for specimens pulled to failure at 673 K with an initial strain rate of 1:0 Â 10 À3 s À1 . These two curves were obtained using specimens cut from the plate in the Z plane and oriented parallel to either the X or Y directions. It is apparent that these curves are essentially identical, reaching similar levels of flow stress and exhibiting similar regions of flow softening and almost identical elongations to failure.
The two fractured specimens are shown in Fig. 3 together with an untested specimen: the elongations to failure are $420% and $440% for the specimens oriented in the X and Y directions, respectively. This similarity confirms the earlier observation that, despite some apparent microstructural inhomogeneities after ECAP processing of a plate, the macroscopic properties in terms of the stress-strain behavior are essentially independent of the specimen direction within the Z plane. 14) 
Discussion
The experimental results provide a clear demonstration of the feasibility of using ECAP processing with plate samples in order to achieve an as-pressed plate having an ultrafinegrained microstructure and with a potential for exhibiting superplastic ductilities at elevated temperatures. The present results confirm that the pressing of plate samples removes the necessity, as in the pressing of conventional bars or rods, for the introduction of additional rolling in order to convert the as-pressed material into a sheet or plate configuration for use in a superplastic forming operation.
The elongations of $420-440% achieved in the present investigation are a little lower than the elongation of $600% recorded for the same alloy when pressed in conventional ECAP using a cylindrical billet and processing route B C . 15) This difference probably reflects the decrease in the degree of homogeneity in the plate samples and the presence of a higher fraction of low-angle boundaries. Nevertheless, it is generally reported that elongations of $400% are sufficient to provide a superplastic capability for use in industrial forming operations 18, 19) and thus the present elongations are sufficient to fulfill these needs. It is important to note also that much lower elongations are achieved in Al-Mg-Sc alloys after cold rolling because, although the microstructures appear reasonably similar after ECAP and cold rolling, the boundaries introduced in the rolling operation have low angles of misorientation which are not conducive to the occurrence of grain boundary sliding and superplastic flow. 20) 
Summary and Conclusions
(1) Plates of an Al-1% Mg-0.2% Sc alloy were successfully processed by ECAP at room temperature using route B CZ in which the plates are rotated by 90 in the same sense around the vertical axis between each pass.
(2) In the as-pressed condition, there is an ultrafine microstructure with a grain size of $0:5 mm. Tensile specimens cut from the plate exhibited superplasticity and the ductilities appeared to be independent of the orientation of the specimens within the as-pressed plate. (3) The results confirm the potential for directly producing superplastic plates through the procedure of ECAP processing without the necessity of rolling conventional as-pressed bars or rods into plates or sheets. 
